Abstract: Fluorescent quantum rods (QRs) have received much attention recently because of their properties of polarized light emission with narrow full width at half-maximum. Therefore, QRs can be used in liquid crystal display (LCD) backlight, as an active polarizer. In order to emit light with a high degree of polarization (DOP), QRs need to be controlled and aligned along one direction on large-scaled devices. However, most of the proposed effective alignment approaches cannot be applied to a large area. In this paper, we report for the first time the contact ink-jet printing (CIJP) method to align CdSe/CdS core/shell QRs. With the ink being printed, the QRs can align along the fluid ink flow direction resulting in aligned QRs along printing direction and forming a film with a high DOP of 42%. Furthermore, CIJP can realize arbitrarily large area fabrication without reducing DOP value. It is expected that this method can be utilized to print on large-scaled substrates directly to fabricate polarized optoelectronic devices, and further applied to LCD backlights and any other applications where polarized light is needed.
Highly Polarized Fluorescent Film Based on Aligned Quantum Rods by Contact
Ink-Jet Printing Method
Introduction
Fluorescent semiconductor quantum rods (QRs) are brought into focus and applied in many photoelectric devices including liquid crystal (LC) display backlights [1] , [2] - [4] , LC cells [4] - [6] , light emitting diodes (LEDs) [7] - [9] , microcavities and lasers [10] - [14] , solar cells [15] - [17] , luminescent solar concentrators (LSC) [18] - [20] , and other applications including photocatalytic hydrogen generation [21] - [23] and bioimaging [24] - [27] . Because there are a lot of outstanding properties of QRs covering tunable emission, polarized emission, narrow full width at half maximum (FWHM), and large quasi-Stokes shift [20] , [28] , [29] . And the improved core/shell QRs not only retain these properties and high polarization, but also exhibit high quantum efficiency [30] - [32] . Compared with traditional semiconductor quantum dots, the most useful but most difficult to be utilized property of QRs is the polarized emission. The degree of polarization (DOP) of emission is defined by (I − I ⊥ )/(I + I ⊥ ), where I and I ⊥ are the photo-luminescent (PL) intensities of the polarized light parallel and perpendicular to the long axis of the quantum rod, respectively [33] . As the aspect ratio (AR) of single quantum rod increases from 1:1 to 10:1, the DOP of emission increases from <0.1 up to 0.86 [29] . However, colloidal QRs are generally random in orientation, hence different quantum rods will emit random polarized light so that the DOP of colloidal QRs is very small. Therefore, the polarized emission property of QRs can be utilized in practice, only if the QRs can be aligned perfectly and emit light with a high DOP.
For these reasons, a lot of researchers are working on the alignment of QRs through different methods to achieve high DOP in large-scale. The alignment strategies include photo-illumination [34] - [36] , applying electrical field [37] - [40] , evaporation [41] , [42] , Langmuir-Blodgett (LB) assembly [43] , [44] , coffee stain effect [12] , [13] , [45] , capillary effect [11] , superlattice [46] , [47] , nanostructure assisted assembly [48] - [50] , electrospinning [1] , [3] , [51] , rubbing [9] , [52] , [53] , stretching [2] , [9] , and vertical growth [16] , [54] . However, all of these methods are not perfect enough. The growth and evaporation methods can align QRs vertically, which cannot be applied as a planar device. Although LB assembly method can align QRs horizontally, the achieved maximal DOP of emitted light from aligned film is 0.34 [8] . Although coffee stain effect, capillary effect, superlattice methods can aligned QRs perfectly within some small regions, the achieved maximal width of aligned QRs is less than 150 μm, which cannot be utilized into devices [11] . Although QR alignments by photo-illumination, electrical field, nanostructure-assisting, electro-spinning, stretching and rubbing etc. can achieve high DOP with large areas, these methods have not tested for different substrates (e.g., plastics) with different form factors (e.g., curved). Thus it is always worthwhile to develop new QR alignment techniques. In this work, we firstly put forward by using the contact ink-jet printing (CIJP) method to align CdSe/CdS QRs. Actually, this method is similar to the capillary printing method, which has been used to align nanowires. [55] , [56] Thanks to the natural advantages of CIJP, this method can print QRs on different materials and shapes of substrates in arbitrarily large area, and achieve DOP of emitted light with DOP higher than 0.42. This new method could be utilized to realize useful devices with highly polarized light emission.
Experimental Section
In this study, a CdSe dot in a CdS rod-shaped shell was grown based on the method reported with some modifications [37] . Through the two-sequential seed-grown process, the emission and aspect ratio of dot-in-rod QRs can be controlled well, and high quantum yield and narrow FWHM can be achieved at the same time.
Chemicals
Selenium powder (Se, 99.999%, 100 mesh) was purchased from Alfa Aesar. Cadmium oxide (CdO, 99.99%) and sulfur powder (S, 99.999%) were purchased from Aladdin. Trioctylphosphine (TOP, 97%), tetradecylphosphonic acid (TDPA, 97%), trioctylphosphine oxide (TOPO, 99%), and n-hexylphosphonic acid (HPA, 97%) were purchased from Strem Chemicals. 1, 2-dichlorobenzene (o-DCB, 99%) was purchased from Sigma Aldrich. All the chemicals were used as received without further purification.
Preparation of Se-and S-Precursors
Se-and S-precursors were both prepared in the glove box with argon atmosphere. 1.184 g of Se powder and 15 ml of TOP were mixed in an uncontaminated vial. Afterwards, the mixture was stirred by a magnetic stir bar at room temperature for more than 8 h, until the Se powder was completely dissolved into TOP to become the 1 mmol/ml Se-TOP solution. 1.202 g of S powder and 15 ml of TOP were mixed in another uncontaminated vial. And then, the mixture was stirred by a magnetic stir bar with 110°C heating for more than 8 h, until the S powder was absolutely dissolved into TOP to form the 2.5 mmol/ml S-TOP solution. At last, these prepared precursors were reserved in glove box at room temperature.
Synthesis and Purification of CdSe Cores
Firstly, 90 mg of CdO, 0.420 g of TDPA and 4.5 g of TOPO were orderly put into a 50 ml three-necked flask followed with 150°C heating. When the temperature reached 75°C, the mixture started to be stirred by a high temperature magnetic stir bar with the speed of 400 rpm. Then, the temperature of the whole system arrived and maintained at 150°C, after which, the atmosphere in flask was alternately changed between vacuum and argon for more than 6 times, until no bubbles emerged from the mixture and all the chemicals became liquid except CdO. After the atmosphere exchange, argon was full of the whole flask. Next, the mixture was further heated to 320°C, at which point CdO dissolved into solution and make the liquid transparent. When the solution was totally colorless, 0.25 ml of TOP was injected into the flask. Then, the solution was heated to 370°C gradually, and 1 ml of Se-TOP was rapidly injected into the flask just when 370°C was reached. After 20 s, the flask was immediately removed from heating mantle and was naturally cooled down to 70∼80°C. Finally, these prepared CdSe cores were washed and purified by the mixture of ethanol and chloroform (or toluene) as well as centrifugation (10000 rpm, 3 min) for at least two times, and the eventual precipitate was dispersed into TOP to become CdSe-TOP.
Synthesis and Purification of CdSe/CdS Core/Shell QRs
At first, 115.8 mg of cadmium oxide, 162 mg of HPA, 600 mg of TDPA and 6 g of TOPO were sequentially put into a 100 ml three-necked flask followed with 150°C heating. When the temperature reached 75°C, the mixture started to be stirred by a high temperature magnetic stir bar with the speed of 400 rpm. Then, the same atmosphere exchange process described previously was carried out at 150°C. Next, the mixture was further heated to 300°C, at which point CdO dissolved into solution and make the liquid completely colorless, followed by the injection of 3 ml TOP. Afterwards, the solution was heated to 320°C gradually, and the mixture of 3 ml TOP and 112 nmol CdSe dispersed in TOP was speedily injected into the flask just when 320°C was reached. After 8 min, the flask was immediately removed from heating mantle and was naturally cooled down to 70∼80°C. At last, these prepared CdSe/CdS dot-in-rod QRs were washed and purified by the mixture of ethanol and chloroform as well as centrifugation (10000 rpm, 3 min) for at least two times, and the eventual precipitate was dispersed into toluene with the concentration of 3 mg/ml.
Preparation of QRs Ink
First of all, 3 ml of o-DCB was added into 8 ml CdSe/CdS QRs toluene solution, and some of the QRs were separated out caused by their small solubility in o-DCB. Afterwards, the mixture was heated in a 60°C thermostatic oven for 30 min, and then, stood at room temperature until the supernatant was lucid. Finally, the supernatant was extracted carefully by pipettes to an uncontaminated vial as the QRs ink. 
Fabrication of QRs Film by CIJP
The QRs film was fabricated by an ink-jet printing machine (GIX Microplotter II, SonoPlot). At the beginning, 100 μl of the prepared QRs ink was stored in an uncontaminated container. The 10 μm pinhead was used to firstly calibrate the slope of the substrate in order to make the printing more smoothly. Next, the capillary tip was adjusted to the start point, where the tip exactly contacted with substrate, with the help of a microscope. After recorded the coordinate of the start point, the pit was moved to the position of ink container, and the QRs ink would be automatically sucked into pinhead caused by the capillary force. Afterwards, the capillary was immediately manipulated to the start point and began printing with the speed of 500 μm/s. Eventually, the machine printed the whole QRs film on the substrate followed the setup printing pattern automatically.
Results and Discussions
The size, shape and crystalline structure of the synthesized CdSe/CdS core/shell QRs are characterized by transmission electron microscope (TEM, FEI Tecnai G2 F30), high resolution TEM (HRTEM, FEI Tecnai G2 F30) and X-Ray Diffraction (XRD, Bruker Advance D8 Ew, Germany). As shown in Fig. 1(a) and 1(b) , both CdSe quantum dots (QDs) and CdSe/CdS QRs were monodispersed and had uniform size. The more detailed information was demonstrated by HRTEM images of QDs and QRs, which are shown in Fig. 1(c) and 1(d) , respectively. Compared with CdSe cores, the CdSe/CdS QRs obviously became wider and elongated, which confirms the formation of CdS shells. The diameters of QDs are 4.2 ± 0.3 nm, and the diameters and the lengths of QRs are 5.8 ± 0.5 nm and 49 ± 2.5 nm, respectively, with the aspect ratio of around 8:1. Through fast Fourier transform (FFT) analysis of the HRTEM images, the d-spacing of the adjacent crystal planes perpendicular to the c-axis of CdSe core and CdSe/CdS rod are 3.53Å and 3.38Å, respectively. CdSe core has bigger lattice constant because of the larger size of Se atom. As shown in Fig. 2 , CdSe cores and CdSe/CdS QRs were also characterized by XRD analysis, and the XRD spectra and corresponding diffraction peaks of cores and QRs are matched well with wurtzite CdSe (JCPDF No. 02-0330) and wurtzite CdS (JCPDF No. 41-1049), respectively. The results demonstrate that, as the shells were grown on the cores, not only the crystalline structures detected were changed from pure CdSe wurtzite crystals to pure CdS wurtzite crystals, but also the diffraction peaks, such as (100), (101) and (110), have a slight shift towards larger 2θ direction due to the less lattice plane spacings of CdS shells. Calculated from the XRD spectra, the d-spacing of the adjacent crystal planes perpendicular to the c-axis of CdSe core and CdSe/CdS rod are 3.50Å and 3.37Å, respectively, which are in accordance with the values obtained from HRTEM images. Integrating both TEM images and XRD spectra, the structure and morphology of a wurtzite CdSe core in a wurtzite CdS rod-like shell can be clearly envisioned.
The optical properties of CdSe cores and CdSe/CdS QRs were characterized by the room temperature ultraviolet-visible (UV-Vis) spectrophotometer (PerkinElmer Lambda950) and PL spectroscopy (Hamamatsu Quantaurus-QY C11347-12). As shown in Fig. 3(a) , we can see that the first exciton absorption peak is at 605 nm, and the emission at 620 nm has an FWHM of 30 nm. With the CdSe cores being coated by CdS shells, as shown in Fig. 3(b) , the PL quantum yield (QY) increases from 2% to 65%, because the CdS shell structures repair most of the defects on the surface of CdSe cores. At the same time, the absorption peak has a blue-shift of 137 nm; the emission peak has a red-shift of 15 nm; and the FWHM of emission has shrinked 4 nm. As a result, QRs will have less self-absorption effects compared to its core or core/shell QD counterparts [20] . As shown in Fig. 4 , the commission internationale de l'eclairage (CIE) color coordinates of these QRs, (0.7063, 0.2934), was calculated from the emission spectra of QRs. If this kind of QRs can be used to substitute the standard red color coordinates, (0.67, 0.33), of national television standards committee (NTSC), the color gamut will become up to 107.6% of NTSC. Therefore, the LCD devices incorporating this kind of aligned QRs film could have a wider color gamut.
The properties of exciton recombination in QRs were also characterized by time-resolved PL spectroscopy (Edinburgh Instruments FLS-980), which is shown in Fig. 5 . From the PL lifetime measurement, it is seen that the spectra of CdSe/CdS core/shell QRs can be fitted by a single exponential function, and the PL lifetime of the QRs was calculated as 12.25 ns with a goodnessof-fit (χ 2 ) of 0.989. This means that there is approximately only one channel for the excited states relaxation, which is radiative recombination. This is one of the reasons for a high quantum yield. Another reason for the high yield is the CdSe/CdS has a quasi-Type II band structure, leading to a less overlap between the electron and hole wavefunctions. [30] , [57] In contrast, the spectra of core-only CdSe QDs can only be well fitted by two exponential functions, and the two lifetimes associated were calculated as 0.8625 ns (weighting factor of 21.61%) and 8.2398 ns (weighting factor of 78.39%) with a χ 2 of 1.143. Therefore, the total lifetime of CdSe cores was calculated as 6.65 ns. According to the fitting results, it is obvious that CdSe cores have radiative and nonradiative recombination channels. As a result, the CdSe core-only QDs will have a lower quantum yield. It is worth mentioning that the core-only QDs have different band structures from the core/shell counterparts, it should be considered as a Type-I structure (with solvent/ligands as its shell). As a result, the core-only QDs have a shorter lifetime, and a lower quantum yield.
Contact ink-jet printing method was adopted to align the synthesized CdSe/CdS QRs to form a film on a glass substrate. The solvent of QRs ink was a mixture of 1, 2-dichlorobenzene (o-DCB) and toluene with optimized volume ratio of 3:8, which do not have any adverse effect on the QY of QRs. Actually, the QY of the QRs ink can reach 62%. Toluene is helpful to increase the concentration of QRs, because QRs have larger solubility in it. On the other hand, o-DCB has a slower volatility benefiting a high quality of film.
The schematic diagram of CIJP alignment method was shown in Fig. 6 . Different from conventional ink-jet printing method, CIJP method makes continuous ink jet flow instead of discontinuous drops on substrates, which can induce the QRs float. Initially, the QRs in vial was non-aligned. Once the QRs ink was jetted from the tip while the writing head moved towards left direction, the QRs in the ink will float towards the printing direction driven by the ink flowing. During the process, the QRs tended to align along the printing direction, which is called flow assembly. [58] Eventually, QRs can be aligned almost in the same direction in each printed strip. The printed samples illuminated by white light and UV light was exhibited in Fig. 7(a) and 7(b) , respectively. The dimension of print area was 6 mm × 8 mm, which actually can be extended easily by changing printing program. Moreover, the thickness of the aligned QRs film measured by a stylus profiler (Bruker Dektak XT) was 65 ± 5 nm. Therefore, as shown in Fig. 7(a) , the QRs film are almost transparent under room light, which is more useful where transparency is needed.
The polarization property of this printed QRs film was measured. As shown in Fig. 8(a) , a beam of 450 nm monochromatic light is firstly selected from a Xenon lamp by a monochromator, and then illuminates on the sample. The sample will absorb the excitation light and emits light in all directions. Part of the emitted light emits towards a rotatable polarizer, and only the linearly polarized light with the same polarization direction of the polarizer can pass through and be detected by the spectrometer. The spectrometer was set only to measure the light from 500 nm to 800 nm to avoid detecting pump beam. By rotating the polarizer, we can determine the DOP of the samples. Firstly, the relationship between emission peak intensity of aligned QRs film and angle of polarizer was exhibited in Fig. 8(b) . From the solid line in Fig. 8(c) , the DOP value of the fabricated QRs film calculated is 0.42. The achieved high DOP value of this QRs film indicates the CIJP alignment method has much potential to be applied to LCD backlight or even many other optoelectronic devices. And the experimental data can be fitted by a cos 2 function (dash line) very well. According to the Malus Law, this implicates the partially polarized light emission from the film and the effective alignment of QRs. [59] As shown in Fig. 8(c) , we used this setup to measure a CdSe/ZnS Quantum dots film, which is almost isotropic, fabricated by spin-coating, and obtained the DOP of this film is only 2.52%. This result can demonstrate that there is almost no effect caused by the response anisotropy of the monochromator in this setup. For comparison purpose, we also measured the DOP of a spin-coated CdSe/CdS QR film as shown in Fig. 8(d) . It can be seen that the DOP of this film is 8.25%, which is much smaller than that of CIJP aligned QR film as expected. It is worth mentioning that the DOP value of spin-coated QR film (8.25%) is larger than that of QD film (2.52%). This is probably because the measured area of the sample can hardly overlap with the spinning center during spin-coating. There remains some alignment of QRs along the radial direction of the circular spinning. The alignment of the CdSe/CdS core/shell QRs was also characterized directly by TEM. The plan-view TEM sample was prepared with the following steps: (1) cover a thin epoxy layer with a larger area on the film to fix the film onto the substrate, since the contact between the film and the substrate is weak; (2) grind and polish the epoxy layer side close to the film; (3) grind and polish the substrate; (4) ion mill the substrate side using Fischione M1051. The TEM observation was performed on JEOL ARM200F in National University of Singapore. As shown in Fig. 9(a) , although the TEM image is not very clear, because the aligned QRs film on glass substrate are not monolayered, nevertheless, it is also obvious that the QRs are aligned very well along the direction of printing marked in Fig. 9(a) . Furthermore, the fluorescence microscope image of the aligned QRs film was shown in Fig. 9(b) . The printed lines contact with each other, and in fact the neighboring lines share a small overlap. If the lines are in contact to each other, the rods will still align on the printing direction, because printing QRs in the continuous ink jet fluid is just like flowing logs in a river. We have also measured the atomic force microscope (AFM) image of the aligned QRs film as shown in the following Fig. 9(c) . The root-mean-square roughness calculated from the AFM picture is 6.247nm. From the figure, we can see vaguely some aligned structures of rod-like shape.
Conclusions
In summary, we report a contact ink-jet printing method to align CdSe/CdS core/shell QRs for the first time. The synthesized QRs with emission of 635 nm, FWHM of 26 nm, and absolute QY of 65% were dispersed in the mixture of toluene and o-DCB as the ink. Then, as the QRs ink was printed by CIJP method, the QRs flew and aligned along the axes of print paths. The obtained QRs film has a high DOP of 0.42. Compared other alignment methods, CIJP alignment are naturally more flexible. It not only can fabricate almost transparent QRs film in large area even industrial manufacture, but also can achieve printing on any substrate with any form factor, just like the 3D printing. It is expected that this method has great potential to be applied to LCD backlight and other optical or optoelectronic devices.
